Introduction {#s1}
============

Sport specialization, or a year- or near year-round commitment to one sport at the exclusion of others ([@B1]), is becoming increasingly prevalent among pre-adolescent and adolescent athletes ([@B2]). This trend may be driven by a number of factors, including an overall decrease in unstructured physical activity (i.e., "free play"), an increase in structured activity among youth ([@B3]), and an increased pressure on youth athletes to excel in sport ([@B4]). The latter of these is underscored by the potential economic benefit of sport success \[e.g., college scholarships, elite achievement, or high professional sports salaries ([@B5], [@B6])\] and the theoretical competitive advantage that deliberate practice might give youth athletes. These potential benefits are reinforced by the media and public perception ([@B7]) and the influence of coaches, parents, and peers ([@B8]). Consequently, there is concern that youth athletes are not only specializing in greater numbers, but also at earlier ages ([@B7], [@B9]), which can contribute to adverse outcomes in these athletes, such as psychological burnout and an increased risk of musculoskeletal injury ([@B10], [@B11]). Given the nearly 10-fold increase in female sports participation since the inception of Title IX ([@B12]), young female athletes may be specializing in sport at an increasing rate ([@B2], [@B13], [@B14]).

Recently, there has been an increased emphasis to discern the implications of early specialization in sport with the goal of educating practitioners and parents to ensure safe sport involvement in youth athletes ([@B15], [@B16]). Specialized athletes typically engage in a large volume of year-round, intensive, often technical or otherwise specialized, sport-specific training ([@B10], [@B11]), and as a result, sport specialization has been associated with an increased risk for overuse injury ([@B2], [@B14], [@B17], [@B18]). This increased risk may be related to the homogeneity of movements associated with highly specialized training regimens that repeatedly stress the same musculoskeletal tissues ([@B19]). For young, developing athletes, physiological immaturities in bone and connective tissue may not allow these individuals to adequately handle the homogenous and repetitive stresses that result from continual practice of a small set of sport-specific skills, which can lead to accelerated rates of fatigue and injury in this population ([@B20], [@B21]). This increased risk may also be due in part to compromised motor ability stemming from the inadequate development of or practice of motor skills that come alongside repetitive, non-variable practice of specialized sport movements. Multi-sport participation at a young age has been shown to improve gross motor competence and overall motor ability ([@B22]), and may lead to improved neuromuscular control ([@B23]) and more effective sport performance as exhibited through more optimal lower extremity biomechanics, as well as more balanced physiological responses to sport participation ([@B24], [@B25]). It therefore may be beneficial for young athletes to engage in a variety of sports and/or physical activities to facilitate more comprehensive physical and motor development.

Biomechanical risk factors that predispose sport-specialized youth athletes to overuse injury may be compounded by maturation. Developing female athletes, who are already at an increased risk of musculoskeletal injury relative to males ([@B26], [@B27]), may be especially susceptible to the factors underlying increased musculoskeletal injury risk relative to early sport specialization. Adolescent females are more likely than males to exhibit decreased neuromuscular control and aberrant biomechanics, particularly at the knee ([@B28]--[@B30]), that can lead to a decreased ability to modulate forces during dynamic movements that occur during sport, like landing ([@B31]) and cutting ([@B32]). Moreover, during maturation, these deficits persist and are often exacerbated by structural changes, such as increases in height, mass, height of the center of mass, etc., that can lead to increases in the magnitude of external forces experienced during dynamic activity ([@B31], [@B33]--[@B35]). These movement patterns can lead to increased risk for both acute and chronic knee injury in these athletes ([@B29], [@B36]).

Given the increased rate of sport specialization in youth athletes and its association with knee injury risk, and the potential for young, developing female athletes to be especially susceptible to increased injury relative to males, it is important to identify potential mechanisms that might amplify biomechanical risk factors in this group. Identification of these mechanisms may serve to educate parents, coaches, and other practitioners and improve prevention efforts targeting neuromuscular control during maturation. The purpose of this study was to examine the knee biomechanical changes that occur pre- to post-puberty in adolescent female athletes and the effect of sport specialization on these changes. The hypothesis tested was that sport specialization would be associated with increased propensity toward knee joint biomechanical changes that underlie an increased risk for musculoskeletal injury.

Materials and Methods {#s2}
=====================

Participants
------------

The cohort for this study was selected from a database of 1,116 female, adolescent basketball, soccer, and volleyball athletes (Mean ± SD age = 13.4 ± 1.8 years) who were enrolled in one of two large prospective, longitudinal studies that were conducted over the course of 4 years ([@B29], [@B37]). The athletes were 93.6% Caucasian, 3.0% African-American, 1.0% Asian, 0.2% Native American, and 0.1% Hawaiian, with 2.3% declining to or failing to report their ethnicity. Each testing session occurred at the beginning of the athletes\' respective competitive sports season. Prior to data collection, the study protocol was approved by the Cincinnati Children\'s Hospital Medical Center Institutional Review Board (IRB 2008-0023 and IRB 2009-0602, respectively), and informed written consent, along with child assent, was obtained from participants and their parents or legal guardians if under 18 years of age.

Data Collection
---------------

Testing consisted of participant characteristics, including questionnaires to determine anthropometric measurements, medical history, indicators of sport participation and pubertal development, as well as a three-dimensional biomechanical analysis of a drop vertical jump (DVJ) task. The same research assistant administered the questionnaires and obtained anthropometric measurements, and a trained research biomechanist collected the data from the biomechanical analysis using pre-specified standard operating procedures.

From the initial cohort of 1,116, athletes were excluded if they were not classified as either sport-specialized or multi-sport as indicated from the sport participation questionnaire, had poor or missing biomechanical data, and who were classified as post-pubertal at the initial visit or did not have a follow-up visit in which they were classified as post-pubertal. After exclusion, 183 athletes met the criteria for inclusion into the study; athletes were selected such that there were equal numbers of sport-specialized and multi-sport athletes and then age-, height- and weight- matched based on their measurements at their initial visit, leaving 158 athletes in the final cohort ([Figure 1](#F1){ref-type="fig"}). Each participant\'s initial and follow-up visits were separated by at least 6 months (sport-specialized M ± SD days = 773 ± 405, range = 293--1,827; multi-sport M ± SD days = 696 ± 373, range = 280--1,812).

![Flowchart illustrating the selection process for the cohort of sport-specialized and multi-sport athletes. Athletes were selected if they were classified as either "sport-specialized" or "multi-sport," had longitudinal data (≥2 visits to the laboratory), were classified as "pre-pubertal" or "mid-pubertal" at their first visit, and had at least one longitudinal visit in which they were classified as "post-pubertal".](fped-07-00268-g0001){#F1}

### Anthropometric Measurement

Height and weight were recorded for each participant using a standard medical scale, and body mass index (BMI) was computed from these measures. Each participant\'s dominant limb was also recorded by asking the participant which leg she would use to kick a ball as far as possible.

### Sports Participation and Pubertal Questionnaires

During each testing session, both the sport specialization status and the maturational status of the athletes were assessed. Sport specialization status was determined by having participants complete a sports participation questionnaire, which asked athletes to report their participation in their current sport (i.e., basketball, soccer, or volleyball), as well as any additional sports, and the number of years in which they have participated in each sport. Participation was defined as having at least been a member of a competitive, organized team for an entire season in a given year. In the present study, participants were classified as "sport-specialized" if they had ≥2 years of participation in 1 sport and \< 2 years participation in any other sports, and "multi-sport" if they had ≥2 years of participation in each of at least 2 sports. While the questionnaire did not include an assessment of year-round participation (i.e., ≥8 months out of the year) by single-sport athletes, which is a necessary component for classifying an athlete as truly sport specialized ([@B1]), this classification scheme was similar to that which was reported by Hall et al. ([@B18]), albeit differing slightly. Specifically, in contrast to Hall, single-sport athletes---regardless of the number of years they participated---were classified as "sport-specialized," and athletes who competed in more than one sport were classified as "multi-sport." The classification in the present study was used because of the ambiguity surrounding the sports participation questionnaire that was administered to participants. With respect to current sport involvement, the questionnaire did not differentiate between first-time athletes and athletes who had at least 1 year of participation (i.e., in both scenarios, their years of participation were recorded as "1"). Consequently, it was unclear at what point athletes who listed their number of years of participation as "1" began participating in that sport. As a result, the present study used 2 years of participation as the threshold for involvement in a given sport.

The pubertal status of each participant was determined with the modified Pubertal Maturation Observation Scale (PMOS) questionnaire ([@B34], [@B38]). The PMOS was developed by Davies et al. ([@B38]) as a clinician-friendly, unobtrusive tool to differentiate between pubertal stages without physical examination. This scale is based on several indicators of pubertal maturation, including growth spurt, menarcheal status, body hair, sweating, and muscular definition ([@B39]), and it can be used to reliably classify subjects into developmental stages based on a parental report and investigator observational report ([@B38]). The PMOS was completed by each participant\'s parent(s) or legal guardian(s). Positive answers to each of the questions in the PMOS were scored as a point, with ≤1 points, 2--4 points, and ≥5 points used to classify participants as "pre-pubertal," "mid-pubertal," or "post-pubertal," respectively ([@B40]). To investigate the biomechanical changes to female athletes through maturation, athletes were selected if their maturational status was classified as being either "pre-pubertal" or "pubertal" during their first visit to the laboratory and they had at least one follow-up visit during which they were classified as "post-pubertal" based upon PMOS score (i.e., their maturational status changed between the time of their first visit and some future visit) ([@B34]). If the participants had more than one longitudinal visit in which they were classified as "post-pubertal," the first visit in which they reached "post-pubertal" status was selected for analysis. Using these classifications, at the time of their first testing session, athletes were required to be classified as "pre-pubertal" or "pubertal," and at the time of the second testing session, they were required to be classified as "post-pubertal." Sport specialization status did not change between testing sessions for any participants.

### Biomechanical Analysis of the DVJ

Data were collected on participants with a standard biomechanical assessment that utilized three-dimensional motion analysis ([@B41]). Participants were first instrumented with 37 retroreflective markers with a minimum of three tracking markers per segment. Markers were placed on the lower back between the S5 and T1 vertebrae, and bilaterally on the acromio-clavicular joint, lateral epicondyle of the elbow, mid-wrist, anterior superior iliac spine, greater trochanter, mid-thigh, medial and lateral femoral condyles, tibial tubercle, lateral and distal aspects of the shank, medial and lateral malleoli, the heel, the dorsal surface of the midfoot, the lateral foot (fifth metatarsal) and central forefoot (between the second and third metatarsals). A 10-camera, high-speed, passive optical motion capture system (Motion Analysis Corp., Santa Rosa, CA) sampled at 240 Hz was used to record the three-dimensional marker trajectories from each participant. Ground reaction forces in Newtons were collected with two embedded force platforms (AMTI, Watertown, MA) sampled at 1200 Hz that were synchronized with the motion capture system.

Before dynamic motion trials were collected, a static trial was conducted in which the participant was instructed to stand in anatomical pose with foot direction and placement standardized to the laboratory\'s global coordinate system to define the participant\'s neutral kinematic posture. Participants then performed a minimum of three trials of a drop vertical jump (DVJ) task, a commonly used motor task in lower extremity biomechanical assessments ([@B29], [@B36], [@B42]). During the DVJ, participants positioned themselves on top of a 31-cm box with their feet aligned with tape placed at the edge of the box, situated approximately shoulder-width apart. Participants were instructed to drop off the box with both feet at the same time, land on the force platforms in front of the box, and immediately perform a maximum effort vertical leap to attempt to grasp a maximally positioned overhead target. Each trial was performed with minimal rest in between (10--15 s). Trials were repeated if the participant did not leave the box with both feet at the same time or paused upon landing before performance of the maximum vertical leap, and the participant kept performing trials until three acceptable trials were obtained.

### Data Processing

Marker trajectories and ground reaction forces were filtered using a low-pass, fourth-order Butterworth filter with a cutoff frequency of 12 Hz. A six-degree-of-freedom skeletal model was applied to the marker data to determine the position and orientation of all segments at each time sample, and the model was scaled to the participant\'s height and weight. Three-dimensional lower extremity joint angles were calculated with an XYZ Cardan rotation sequence, and ground reaction forces were used to calculate joint moments of force using an inverse dynamics analysis in Visual3D (C-Motion, Inc., Germantown, MD) and were referenced to coordinate axes systems about the proximal limb. Joint angles and moments were extracted from the stance phase, which was defined as the period of time from when subjects made initial contact with the force platforms (determined when the normal ground reaction force exceeded 10 N) until toe-off occurred. The joint angles and moments were then time-normalized to 101 data points (representing 0--100% of stance) using custom MATLAB (MathWorks, Inc., Natick, MA) software. Each participant\'s time-normalized waveforms were averaged across the three DVJ trials for each joint and plane of motion. In addition, the stance phase was further divided into the landing and propulsion sub-phases, respectively, differentiated by the point during normalized stance at which the participant\'s center of mass reached a minimum vertical height. Peak knee kinematic (joint angular motion) and kinetic (joint moments of force) measures in both the dominant and non-dominant limbs were extracted during the time-normalized, meaned landing sub-phase.

Statistical Analysis
--------------------

One-sample Kolgomorov-Smirnov (K-S) tests for normality were conducted for anthropometry and knee biomechanical measures at each visit. Independent *t*-tests were used to ensure no differences existed between the sport-specialized and multi-sport groups in age, height, weight, BMI, and sport participation years at either the initial testing session ("pre-pubertal") or follow-up testing session ("post-pubertal"). Average years of sport participation was determined by summing the total number of years reported participating in all sports divided by the number of unique sports.

Post-pubertal knee kinematic and kinetic differences between sport-specialized and multi-sport athletes were determined using separate 2 × 2 (group × limb) analyses of covariance (ANCOVA) with their pre-pubertal measures and days between testing sessions being included as covariates to the model. Days between testing sessions was included as a covariate because of the wide time range (i.e., 280--1,827 days) between visits; this occurred because while many participants had multiple visits to the laboratory, only the first visit in which the participant was classified as "post-pubertal" was used in the analysis, which did not occur at the same time for all participants. Bonferroni corrections were used to control for multiple comparisons, and an alpha level of.05 was selected *a priori* to indicate statistical significance.

Results {#s3}
=======

[Table 1](#T1){ref-type="table"} describes the mean age, height, weight, BMI, and years of sport participation recorded for the sport-specialized and multi-sport groups during both testing sessions. Age, height, weight, and average sport participation were all found to be normally distributed (K-S; all *p* \> 0.05), and no differences existed between any of these measures at the time of either testing session (*t*-test; all *p* \> 0.05).

###### 

Mean ± SD pre- and post-pubertal anthropometry and sport participation years in the sport-specialized and multi-sport groups.

                                **Pre-pubertal**   **Post-pubertal**                
  ----------------------------- ------------------ ------------------- ------------ ------------
  Age (years)                   12.2 ± 0.8         12.3 ± 0.9          14.3 ± 1.2   14.2 ± 1.1
  Height (cm)                   155.0 ± 7.7        155.0 ± 7.5         1.6 ± 5.2    1.6 ± 5.9
  Weight (kg)                   47.1 ± 10.1        47.6 ± 10.7         55.9 ± 7.5   55.7 ± 8.7
  BMI (kg × m^−2^)              19.4 ± 3.0         19.5 ± 3.0          21.2 ± 2.8   21.1 ± 2.4
  Sport participation (years)   4.5 ± 1.4          4.3 ± 2.1           6.2 ± 2.1    6.0 ± 2.3

[Figures 2](#F2){ref-type="fig"}, [3](#F3){ref-type="fig"} show the mean time-normalized waveforms for the dominant limb knee joint moments of force, respectively, for the sport-specialized and multi-sport groups pre- and post-puberty. The mean peak knee kinematic and kinetic measures for both groups and limbs pre- and post-puberty are shown in [Table 2](#T2){ref-type="table"}. All knee kinematic and kinetic measures were found to be normally distributed (K-S; all *p* \> 0.05) except for transverse plane knee joint moment (*p* = 0.011), which had moderate positive skewness; this variable was subsequently square-root-transformed before being submitted to ANCOVA. The analysis revealed significantly larger post-pubertal increases for the sport-specialized group in peak knee abduction angle \[*F*~(1,\ 310)~ = 8.077, *p* = 0.005\] and knee abduction moment \[*F*~(1,\ 310)~ = 7.807, *p* = 0.006\]. In addition, the sport-specialized group exhibited a significantly smaller increase in knee extensor moment \[F(1, 310) = 4.616, *p* = 0.032\] ([Figure 4](#F4){ref-type="fig"}). No other main effects were observed the other kinematic and kinetic measures for either group or limb, or the group × limb interaction (all *p* \> 0.05).

![The time-normalized knee joint angular motions in the sagittal (Top), frontal (Middle), and transverse (Bottom) planes during the stance phase of the DVJ task for the sport-specialized (red) and multi-sport (blue) groups pre (Left) and post-puberty (Right). The waveforms represent the average joint angular motions between dominant and nondominant limbs. The shaded region represents standard error of the mean. "\*" indicates statistically significant differences pre- to post-puberty.](fped-07-00268-g0002){#F2}

![The time-normalized knee joint moments of force in the sagittal (Top), frontal (Middle), and transverse (Bottom) planes during the stance phase of the DVJ task for the sport-specialized (red) and multi-sport (blue) groups pre (Left) and post-puberty (Right). The waveforms represent the average net external moments between dominant and nondominant limbs. The shaded region represents standard error of the mean. "\*" indicates statistically significant differences pre- to post-puberty.](fped-07-00268-g0003){#F3}

###### 

Mean ± SD pre- and post-pubertal peak knee kinematic and kinetic measures in the sport-specialized and multi-sport groups.

                                                                    **Pre-pubertal**   **Post-pubertal**                  
  ----------------------------------------------------------------- ------------------ ------------------- -------------- --------------
  Dominant limb                                                                                                           
      Knee flexion (°)                                              −83.2 ± 8.2        −82.9 ± 9.2         −82.1 ± 9.0    −82.7 ± 9.6
      Knee abduction (°)[^\*^](#TN1){ref-type="table-fn"}           −8.9 ± 6.6         −7.6 ± 4.8          −11.3 ± 6.7    −8.6 ± 5.3
      Knee internal rotation (°)                                    6.8 ± 5.7          7.0 ± 5.8           5.6 ± 4.4      6.5 ± 6.1
      Knee extensor moment (Nm)[^\*^](#TN1){ref-type="table-fn"}    89.3 ± 23.6        87.6 ± 27.1         107.3 ± 23.4   112.3 ± 28.0
      Knee abduction moment (Nm)[^\*^](#TN1){ref-type="table-fn"}   −15.2 ± 11.6       −13.9 ± 9.1         −23.8 ± 14.7   −19.6 ± 11.4
      Knee internal rotation moment (Nm)                            3.0 ± 2.8          3.6 ± 3.5           3.7 ± 4.5      4.4 ± 4.1
  Non-dominant limb                                                                                                       
      Knee flexion (°)                                              −84.2 ± 8.5        −84.4 ± 9.6         −83.3 ± 9.0    −84.2 ± 9.7
      Knee abduction (°)[^\*^](#TN1){ref-type="table-fn"}           −10.1 ± 6.2        −8.2 ± 5.5          −11.6 ± 5.1    −9.5 ± 5.1
      Knee internal rotation (°)                                    7.6 ± 5.1          8.4 ± 5.7           6.8 ± 5.7      7.9 ± 5.3
      Knee extensor moment (Nm)[^\*^](#TN1){ref-type="table-fn"}    83.8 ± 22.5        83.4 ± 25.0         103.1 ± 21.8   108.7 ± 24.5
      Knee abduction moment (Nm)[^\*^](#TN1){ref-type="table-fn"}   −19.9 ± 11.1       −18.8 ± 12.8        −26.9 ± 12.6   −23.0 ± 14.2
      Knee internal rotation moment (Nm)                            6.4 ± 4.3          7.2 ± 4.3           6.4 ± 4.8      7.6 ± 5.1

*Indicates statistically significant differences pre- to post-puberty*.

![Mean peak knee kinematic (Left) and kinetic (Right) measures in the sagittal (Top) frontal (Middle), and transverse (Bottom) planes during the stance phase of the DVJ task for the sport-specialized (red) and multi-sport (blue) groups. The error bars represent standard error of the mean.](fped-07-00268-g0004){#F4}

Discussion {#s4}
==========

The aim of the present study was to examine the influence of sport specialization on knee injury risk biomechanics across puberty. The main finding of our study showed that sport-specialized female athletes exhibited knee kinematic and kinetic changes pre- to post-puberty that may increase risk for injury when compared to multi-sport female athletes ([@B29]). Specifically, the sport-specialized female athletes exhibited larger post-pubertal increases in peak knee abduction angle and knee abduction moment and a smaller increase in knee extensor moment during landing while performing the DVJ task than multi-sport athletes. The results indicate that female athletes who specialize in sport may amplify an increased risk for injury across puberty due to compromised neuromuscular control when compared to female athletes who chose not to specialize in early sport.

The competitive demands of many sports necessitate movement patterns and coordination strategies that accommodate high external forces experienced by adolescent athletes during dynamic activity. These external forces are magnified through maturation because of structural and inertial changes to the body, such as increases in mass, height, and segment length(s). In the present study, sport-specialized athletes exhibited larger post-pubertal increases in knee abduction angle and moment during landing when compared to multi-sport athletes. The relationship between sport specialization and knee abduction moment is particularly novel, as most previously described risk associations for sports specialization are for overuse injuries, such as patellofemoral pain ([@B17], [@B18]). However, demonstrating increased knee frontal plane moments associated with sport-specialized female athletes may have great implications in injury prevention of acute injuries such as anterior cruciate ligament tear, medial collateral ligament tear, and patellar instability. High knee abduction moments have been established previously as risk factors for both acute and chronic knee injury ([@B29], [@B36]) and thus, larger increases in this variable---as exhibited by the sport-specialized group across puberty---might be linked to increased injury risk. It is unclear what level of change in or magnitude of this variable can be considered meaningful as it pertains to knee injury; however, some studies differentiated athletes into low- and high-risk categories based on specified thresholds. For example, the maximum sensitivity and specificity to classify adolescent female athletes at high-risk for an ACL injury as having exhibited knee abduction moments greater than 25.25 Nm ([@B29]); in the present study, sport-specialized athletes exhibited average post-pubertal knee moments of 24 Nm and 27 Nm for the dominant and non-dominant limbs, respectively (as opposed to 19 Nm and 23 Nm, respectively, for the multi-sport group), which would classify these individuals at or near "high-risk" for ACL tear.

Prior studies investigating similar high-risk biomechanics in female athletes through maturation have shown maturation can underlie increased proliferation of lower extremity frontal plane mechanics that underlie increased injury risk. While these prior investigations did specifically examine sport specialization, the findings of this study support that the biomechanical changes through puberty that occur may in fact be compounded by early sport specialization ([@B28]--[@B31], [@B33]--[@B35]). This finding indicates that early sport specialization may be an additive factor for increased injury risk or that multi-sport diversity mitigates the development of insufficient neuromuscular control throughout the maturation process ([@B28], [@B31]). In addition, there is consistent evidence that indicates that youth should be involved in periodized strength and conditioning (e.g., integrative neuromuscular training) to help them prepare for the demands of competitive sport participation ([@B24], [@B25]). The current results may suggest that young females who specialize in a single sport can benefit from focused integrative neuromuscular training to enhance diverse motor skill development to reduce the proliferation injury risk factors particularly during maturational development ([@B15], [@B23]).

Sport-specialized athletes also experienced a smaller increase in knee extensor moment during landing. While over-reliance on the knee extensors during landing can be an indicator of decreased hip control and subsequent lower extremity injury risk ([@B43]), it can also indicate improved task performance, particularly during the DVJ ([@B44]). For the multi-sport group, these results (i.e., greater increase in knee extensor moment, smaller increase in knee abduction moment, and trend toward a greater increase in hip extensor moment ([Figure 2](#F2){ref-type="fig"}) indicate that multi-sport athletes tend to exhibit more improved landing performance during the DVJ. These results may also indicate that multi-sport involvement may help adolescent athletes modulate and possibly ameliorate the inability to manage inertial demands that occur across puberty leading to decreased injury risk.

For young athletes, sport performance is greatly influenced by the amount of sport-specific practice and competitive sport participation. As a result, the perception among many coaches, parents, and athletes is that constant, and intensive training, beginning at a young age, will ultimately lead to significant sport achievement. However, currently there is no evidence to support the notion that early specialization in sport results in greater success. To the contrary, achieving elite status in sport has been shown to be related to young athletes participating in multiple organized sports, followed by sport specialization later in adolescence ([@B5], [@B6], [@B45]). Some individualized sports, like tennis, swimming, and gymnastics, involve early and intensive training by youth, and early sport specialization is becoming increasingly prevalent in some team sports such as basketball, soccer, and volleyball ([@B13]). Early childhood and adolescence are critical times during which diversification of movement is necessary for comprehensive motor and coordination development. In this light, early sport specialization may stifle the development of critical motor skills during childhood ([@B46]). Sport diversification during childhood and adolescence may promote improved motor competence ([@B22]), leading to greater sport specific skill and technique acquisition later in adolescence. The lack of established criteria for "early" sport specialization, and lack of consensus on training volume and age criteria add greatly to the challenges when trying to establish future guidelines ([@B47], [@B48]). Biomechanical analysis of movement patterns that might increase injury risk may help to guide sports participation for young specialized athletes.

The results of this study should be interpreted in light of the following limitations. The definition of sport specialization used to differentiate single- and multi-sport athletes. Our definition differed slightly from previous work ([@B17], [@B18]) and may not have accurately represented true sport specialization (i.e., year-round, single-sport participation to the exclusion of others); thus, the year-round component was not clear in the present study. However, given our modified definition, biomechanical differences were still able to be detected through maturation in sport-specialized female athletes. Future studies examining injury risk biomechanics across puberty in sport-specialized athletes should establish this more fully. In addition, the present study used pubertal characteristics to establish maturational stages. This classification scheme has been used previously ([@B34]); however the authors acknowledge that the usage of discrete pubertal classifications may have participants at the beginning or end of stages that creates a mix of maturational levels in the chosen groupings. The authors acknowledge that other metrics of maturation may be more biomechanically relevant to refine this classification (e.g., timing of peak growth height velocity, etc.) and thus, future work should explore these potential relationships. Future work should also examine both male and female sport-specialized athletes; the present study examined female athletes exclusively. As females tend to be more at risk for knee injury than their male counterparts, it may be that early sport specialization does not have as a profound of an influence on risky knee biomechanics in males.

In the present study, sport specialized female athletes exhibited altered biomechanics during landing while performing the DVJ task compared to multi-sport athletes. The results of this study suggest that the biomechanical changes that occur during maturation in specialized female athletes may be combinatory in injury risk profile development. The current definition of sport specialization in youth emphasizes early and continual (i.e., year-round) involvement in sport ([@B47], [@B48]). However, no consensus exists on temporal characteristics (e.g., age, maturational level, etc.) and their potential use as a specifier of early specialization. The results of this study support consideration of maturation status in future efforts to educate athletes, parents, and coaches regarding sport specialization. They may also provide guidance on the inclusion of integrative neuromuscular training programs for young females who chose to specialize early.

Ethics Statement {#s5}
================

Prior to data collection in both sessions, the study protocol was approved by the Cincinnati Children\'s Hospital Medical Center Institutional Review Board, and informed written consent, along with child assent, in accordance with the Declaration of Helsinki, was obtained from participants and their parents or legal guardians if under 18 years of age.

Author Contributions {#s6}
====================

CD was responsible for the overall study design, analysis, preparation, and writing of the manuscript. AM was responsible for the preparation and writing of the manuscript. KB, ST, KF, GM, and TH were responsible for data collection and oversight, and preparation and writing of the manuscript. GM was also responsible for overall concept and study design. NJ, AS, and DB were responsible for preparation and writing of the manuscript.

Conflict of Interest Statement
------------------------------

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

**Funding.** The authors would like to acknowledge funding support from the National Institutes of Health/NIAMS Grants R21AR065068-01A1, U01AR067997, R01-AR049735, R01-AR055563 and R01-AR056259.

[^1]: Edited by: Tim Takken, University Medical Center Utrecht, Netherlands

[^2]: Reviewed by: Sarah Moore, Douglas College, Canada; Joyce Obeid, McMaster University, Canada

[^3]: This article was submitted to General Pediatrics and Pediatric Emergency Care, a section of the journal Frontiers in Pediatrics
